Aims/hypothesis We assessed the effects of sodium chloride (NaCl) supplementation on the blood pressure response to treatment with telmisartan with or without hydrochlorothiazide in hypertensive patients with type 2 diabetes and habitually high (HDS, sodium excretion >200 mmol/24 h on two out of three consecutive occasions) or low (LDS, sodium excretion <100 mmol/24 h on two out of three consecutive occasions) salt intake. Methods Patients received 4 weeks of telmisartan followed by 4 weeks of telmisartan plus hydrochlorothiazide. In a double-blind randomised fashion, patients received sodium chloride (NaCl, 100 mmol/24 h) or placebo capsules in addition to their habitual salt intake during the last 2 weeks of telmisartan and telmisartan plus hydrochlorothiazide therapy. The protocol was repeated with NaCl and placebo capsules administered in reverse order to allow each participant to act as his or her own control. At 0, 4, 8, 14, 18 and 22 weeks, 24 h ambulatory blood pressure (ABP) and 24 h urine collections were performed. Results No statistically significant differences were seen in the ABP response in the LDS vs HDS groups to any of the interventions (p=0.58). NaCl supplementation reduced the effect of telmisartan with or without hydrochlorothiazide on systolic BP by approximately 50% (−5.8 mmHg during NaCl supplementation vs −11.3 mmHg during placebo, mean difference 5.6 mmHg [95% CI 1.7-9.4 mmHg], p= 0.005), irrespective of habitual salt intake. By contrast, addition of hydrochlorothiazide increased the antihypertensive effect of telmisartan on systolic BP by approximately 35% (p=0.048) in both groups of patients. Conclusions/interpretation NaCl supplementation blunts the effectiveness of telmisartan with or without hydrochlorothiazide in hypertensive patients with type 2 diabetes, independently of habitual low or high salt intake.
Abbreviations ABP 24 h Ambulatory blood pressure HCT Hydrochlorothiazide NaCl Sodium chloride supplementation, 100 mmol NaCl/ 24 h HDS Habitual high dietary salt intake, sodium excretion >200 mmol/24 h on two out of three consecutive occasions LDS Habitual low dietary salt intake, sodium excretion <100 mmol/24 h on two out of three consecutive occasions MAP Mean arterial pressure RAS Renin-angiotensin system AER Albumin excretion rate
Introduction
The management of elevated blood pressure is an important public health challenge, especially in patients with type 2 diabetes [1, 2] . Even in the setting of antihypertensive clinical trials, the blood pressure levels achieved commonly exceed [3] the Joint National Committee-VII target of ≤130/80 mmHg [4] . This suggests that there is scope to improve the management of elevated blood pressure in people with diabetes.
Evidence from epidemiological, migration, intervention and experimental hypertension studies indicates that salt intake plays an important role in regulating blood pressure [5, 6] . Excess sodium and a deficit of potassium have been implicated in the generation of increased arterial and arteriolar smooth muscle tone in primary hypertension [7] . In comparison to people without diabetes, patients with diabetes have an increase in exchangeable sodium, which correlates with systolic blood pressure [8, 9] . Dietary salt intake may therefore have a more important role in the pathogenesis of hypertension in diabetes than in the general population.
We hypothesised that NaCl supplementation, due to its effects on the activity of the systemic renin-angiotensin system (RAS) might influence the antihypertensive actions of telmisartan with and without hydrochlorothiazide (HCT) differently in groups with habitual high dietary salt (HDS) and habitual low dietary salt (LDS) intake. We therefore performed a double blind, prospective, randomised crossover study of the effects of NaCl supplementation on the response to telmisartan with or without HCT, in subjects with type 2 diabetes, hypertension, raised albumin excretion rate (AER) and habitual high or low salt intake. In this study we found that the AER response was blunted by NaCl supplementation only in subjects with habitual low salt intake [10] . Here we describe in detail the blood pressure response to telmisartan with or without HCT in the same group of patients and show that the effect of NaCl supplementation on blood pressure is independent of habitual salt intake.
Methods
The methods for this study have been described in detail elsewhere [10] . In brief, 32 patients with type 2 diabetes, hypertension and AER in the range of 10 to 200 µg/min were recruited from diabetes clinics at Austin Health, a tertiary referral centre where patients routinely perform a 24 h urine collection for the measurement of AER and sodium excretion. Eligibility criteria for participation in the study were: a history of type 2 diabetes, hypertension (blood pressure >140/90 mmHg or taking antihypertensive medication), AER between 10 and 200 µg/min (median of three consecutive measurements collected over a 12 month period), and either habitually high or low sodium intake (HDS: sodium excretion >200 mmol/24 h on two out of three consecutive occasions; LDS: <100 mmol/24 h on two out of three consecutive occasions). Patients in HDS and LDS groups were matched for BMI because of the documented association between BMI and urinary sodium excretion [11] .
Exclusion criteria were serum potassium >5.0 mmol/l, serum creatinine >200 µmol/l, AER>200 µg/min, HbA 1c > 10.0% and major systemic illness. All patients gave informed consent before commencement of the study, which was approved by the Human Research Ethics Committee at Austin Health. The procedures followed were in accordance with institutional guidelines.
Study protocol
The study was undertaken in six phases (Fig. 1) . Phase 1 comprised a 6 week washout period, during which usual dietary sodium intake was continued and patients were randomised by computer into two groups (A or B) by the hospital pharmacy department. Drugs interfering with the RAS and diuretics were ceased at −6 weeks and replaced with verapamil, prazosin, methyldopa and/or hydralazine as necessary to achieve a blood pressure <160/95 mmHg. Dose adjustments of these drugs were then made between weeks −6 and −3. At week 0, all patients commenced treatment with telmisartan 40 mg for 4 weeks (Phase 2). This was followed by telmisartan (40 mg) plus HCT (12.5 mg) for an additional 4 weeks (Phase 3). Patients in group A received placebo capsules in addition to their usual salt intake during the last 2 weeks of telmisartan monotherapy and during the last 2 weeks of combined telmisartan and hydrochlorothiazide therapy, whereas patients in group B received NaCl capsules under otherwise identical conditions. Phase 4 consisted of a 6 week washout period for telmisartan, HCT, and NaCl or placebo capsules. Patients remained on the same doses of background non-RAS-interfering antihypertensive drugs throughout the study. Following the second washout period (phase 4), the protocol was repeated with NaCl and placebo capsules administered in reverse order (phases 5 and 6) (Fig. 1 ). Patients were instructed to take their antihypertensive medications after breakfast. Investigators and patients were blinded to the identity of participants receiving NaCl or placebo capsules. NaCl and placebo capsules were manufactured by a local registered compounding pharmacy (Thompson's Pharmacy, Eltham, VIC, Australia). Five capsules, each containing 20 mmol NaCl (total 100 mmol NaCl) or placebo (lactose) were administered daily. Participants were instructed to take two capsules with breakfast, one with lunch and two with the evening meal.
Laboratory or diagnostic procedures were performed as follows: (1) 24-h ambulatory blood pressure (ABP) measurements at 0, 4, 8, 14, 18, 22 weeks; (2) 24 h urine collection to measure albumin, sodium, potassium, glucose and creatinine excretion rates at 0, 4, 8, 14, 18 and 22 weeks; (3) fasting blood sample for the measurement of plasma glucose, plasma renin activity, aldosterone (after patients had been seated for 5 min), HbA 1c , creatinine and electrolyte levels at 0, 4, 8, 14, 18, 22 weeks. For the 24 h urine collection, patients were given instructions on how to perform collections accurately, and urinary sodium excretion was corrected by adjusting for average creatinine excretion in the six urine samples for each patient.
All samples for biochemical analyses were collected in the morning after an overnight fast and before the administration of study medication. The study dietitian (C. Johnson) saw all patients initially and gave them advice, based on their previous diet, to continue with their habitual sodium intake.
Ambulatory blood pressure measurements The 24 h ABP was conducted with a portable recording system (Spacelabs 90207; Spacelabs Medical Products, Deerfield, WI, USA) based on an oscillometric method. The 24 h systolic, diastolic and mean arterial pressures (MAP), as well as awake and sleep times were recorded. Blood pressure was measured every 30 min from 07:00 hours to 23:00 hours and every hour from 23:00 hours to 07:00 hours. Mean arterial blood pressure was defined as diastolic BP +1/3 (pulse pressure). Statistical analysis In a previous study from our laboratory [12] , the difference in mean ABP taken at two measurements 8 weeks apart in ten participants was 2±5.5 mmHg (mean ± SD). To detect a difference in blood pressure response of one SD with a power of 90% and an alpha of 5%, we estimated that paired data from 15 participants would be required for this crossover study design [13] . Therefore we planned to recruit 16 participants in both the HDS and LDS groups.
Statistical analysis used ANOVA models run on Genstat (10th edition; VSN International, Hemel Hempstead, UK). Factors relating to the crossover design were phases of the study (2-3 or 5-6) and randomisation sequence group (group A or group B). Three factors of interest were diet group and the two within-patient factors NaCl vs placebo and telmisartan vs telmisartan + HCT. Outcomes included attained blood pressure (systolic, mean, diastolic) and change in blood pressure (systolic, mean, diastolic) from baseline. A logarithmic transformation was applied to plasma renin activity to satisfy the requirements of the ANOVA models.
For each outcome, two models were considered. The first model included main effects of the crossover design factors in addition to the three factors of interest; the second model did not. We report results based on the second model, as we found no evidence of crossover effects. The main effects of habitual diet group, i.e. NaCl vs placebo supplementation and telmisartan vs telmisartan + HCT, are described in this paper. None of the higher order interactions were statistically significant. We also considered a model that included the effects of hydralazine and verapamil; these effects were trivial and hence we report the more parsimonious analyses without these effects.
Results
Participants Of the 32 participants, 17 were recruited to the HDS group and 15 to the LDS group over a period of 9 months between May 2006 and January 2007 (Electronic supplementary material [ESM] Fig. 1 ). Three patients from the HDS group were withdrawn from the study. Two of the patients were unable to meet the attendance requirements of the study and one was unable to tolerate salt capsules. All other participants completed the study despite some minor gastrointestinal side effects from the NaCl capsules.
Baseline characteristics The baseline characteristics of the study population have been outlined previously [10] and are summarised in Table 1 . There were no significant differences in the baseline clinical and biochemical variables between HDS and LDS participants, except that there were more men in the HDS group (p=0.006). No difference in baseline MAP was observed in the HDS and LDS groups (HDS 101±2.2 mmHg, LDS 98±2.2 mmHg, p=0.24) and there was no evidence of a crossover effect from phase 1 to phase 4. As expected, 24 urinary sodium excretion was higher in the HDS compared with the LDS group (HDS, 271±24 mmol/24 h, LDS 118±12 mmol/24 h, p<0.0001). There was no difference in baseline AER between the HDS and the LDS groups (HDS 34 Â = Ä 1:3; 56 Â =Ä 1:4mg= min geometric mean Â = Ä tolerance factor; p ¼ ð 0:3Þ). There was also no difference in the number of patients requiring additional antihypertensives to achieve target blood pressure of <140/90 mmHg (HDS n=11, LDS n=8; p=0.49).
Urinary sodium excretion The 24 h urinary sodium excretion rates for the different phases of the study are shown in Fig. 2a for LDS and HDS patients. The mean difference in urinary sodium excretion during the entire study between these two groups was 136 mmol/24 h (95% CI 99-174) (p<0.001) (ESM Table 1 ).
In the LDS group, mean urinary sodium excretion during placebo vs NaCl supplementation was 126 mmol/24 h (95% CI 96-156), vs 176 mmol/24 h (95% CI 146-206), respectively. In the HDS group, mean urinary sodium excretion during placebo vs NaCl supplementation was 256 mmol/24 h (95% CI 225-286) vs 318 mmol/24 h (95% CI 287-349), respectively. Overall, NaCl supplementation increased urinary sodium excretion by 56 mmol/24 h (95% CI 34-78). There was no significant increase in urinary sodium excretion after addition of HCT to telmisartan in the combined analysis of HDS and LDS groups, i.e. an increase of only 2.8 mmol/24 h (95% CI 19-24 mmol/24 h) (p=0.8). No evidence of a higher order interaction was found that might have suggested a differential effect of NaCl supplementation in the two habitual dietary sodium groups (p= 0.6) (ESM Table 1 Effects on attained blood pressure Both NaCl supplementation and HCT influenced the attained blood pressure level, but in opposite directions in the LDS and HDS groups ( Table 2, ESM Table 2 ). Although there was a trend to higher attained MAP in the HDS group (p=0.06), habitual dietary salt intake did not significantly alter the effects of therapy on attained blood pressure or changes in blood pressure levels (ESM Tables 1 and 2 ).
Effects of NaCl supplementation on response to therapy The overall analysis of HDS and LDS patients showed that NaCl supplementation reduced the effect of telmisartan with or without HCT on the change in systolic BP from baseline by approximately 50%, regardless of whether telmisartan or telmisartan plus HCT was administered (NaCl −5.8 mmHg vs placebo −11.3 mmHg, mean difference 5.6 [95% CI 1.7-9.4] mmHg, p=0.005) ( Table 2,  ESM Tables 2 and 3) . Similarly, NaCl supplementation reduced the effect of telmisartan with or without HCT on changes in MAP (NaCl -4.9 mmHg vs placebo −8.4 mmHg, mean difference 3.5, [95% CI 1.0-6.0] mmHg, p=0.007) (ESM Table 3 ). However, NaCl supplementation had no significant effect on changes in diastolic blood pressure levels during therapy with telmisartan with or without HCT (mean difference 1.8 mmHg [95% CI 3.8-0.2], p=0.08) (ESM Table 3 ).
The overall analysis of HDS and LDS patients also revealed that NaCl supplementation resulted in a higher attained MAP of 94.6 mmHg (95% CI 93.1-96.0), compared with 91.0 mmHg (95% CI 89.6-92.5, p<0.001) (ESM Table 2 ) for placebo treatment. As shown in Fig. 2a Table 2 ). The attained diastolic BP was also higher during NaCl supplementation, i.e. 73.5 mmHg (95% CI 72.4-74.6) vs placebo 71.2 mmHg (95% CI 70.0-72.3), p=0.005 (ESM Table 2 ).
Effects of adding HCT to telmisartan in high and low sodium intake groups In the overall analysis of HDS and LDS groups, addition of HCT to telmisartan increased the systolic BP response by approximately 35%, i.e. −6.6 mmHg (telmisartan alone) vs −10.5 mmHg (telmisartan plus HCT), mean difference 3.9 mmHg (95% CI 0.03-7.7), p=0.048 (Table 2 , Fig. 3b , ESM Table 3 ). This result was irrespective of NaCl supplementation.
Similarly, the overall analysis of HDS and LDS groups showed that the MAP attained was lower with telmisartan plus HCT (91.6 mmHg [95% CI 90.1-93.0]) compared with telmisartan alone (94.0 mmHg [95% CI 92.6-95.5], p=0.02) (ESM Table 2 Table 2 ).
In the study as a whole, the attenuation of the systolic BP response with NaCl supplementation (5.6 mmHg [95% (Fig. 3 , ESM Table 3 ) in telmisartan-treated patients.
Plasma renin activity This was significantly higher throughout the study in the LDS group than in the HDS group (p=0.046) (ESM Tables 1 and 4 ). In both HDS and LDS groups, plasma renin activity was significantly suppressed with NaCl supplementation, compared with placebo (p<0.001) (ESM Tables 1 and 4) . Moreover, addition of HCT to telmisartan significantly increased plasma renin activity in both HDS and LDS groups (p<0.001) (ESM Tables 1 and 4) .
Changes in albumin excretion rate The changes in AER in the current study have been reported previously [10] . In summary, in the LDS, NaCl supplementation reduced the anti-albuminuric effect of telmisartan with or without HCT from 42.3% (placebo) to 9.5% (p=0.004). However, in HDS, NaCl supplementation did not reduce the AER response to telmisartan with or without HCT (placebo 30.9%, NaCl 28.1%, p=0.7). The combined effects of treatment and NaCl vs placebo supplementation on changes in MAP and AER are shown in Fig. 4 .
Adverse events Despite a high compliance rate as assessed by counting NaCl or placebo capsules dispensed throughout the study, some patients initially experienced gastrointestinal side effects, mainly nausea and some vomiting, with NaCl capsules. However, some participants also reported gastrointestinal symptoms while taking placebo capsules. Despite this, only one patient discontinued the study because of gastrointestinal side effects. The frequency distribution of urinary sodium excretion in HDS and LDS groups during placebo or NaCl supplementation shows an increase in sodium excretion in both HDS and LDS groups during NaCl supplementation (ESM Fig. 2 ).
Discussion
The major finding in this study was that dietary NaCl supplementation significantly blunted the antihypertensive effects of telmisartan alone and telmisartan combined with HCT, this effect being independent of habitual low or high salt intake. The systolic BP response to telmisartan with or without HCT was reduced by approximately 50% with NaCl supplementation. The addition of HCT increased the antihypertensive effect of telmisartan on systolic BP by only approximately 35%, irrespective of NaCl supplementation, in both the HDS and LDS groups. The addition of HCT did not offset the effects of NaCl supplementation. In contrast to the blood pressure response, the AER response to telmisartan with and without HCT was blunted by NaCl supplementation only during habitual low salt intake [10] . This implies that renal albumin handling can be modulated by NaCl intake when the RAS is unsuppressed (LDS) and is unresponsive to NaCl intake when the RAS is suppressed (HDS). Furthermore, the changes in AER were independent of changes in blood pressure, highlighting potential BP-independent effects of dietary salt intake on AER in this population. The clinical importance of these findings is that short-term excessive salt intake, as simulated with NaCl supplementation for 2 weeks, had deleterious effects on blood pressure (in HDS and LDS groups) and on AER response (in LDS group) to RAS inhibition and thiazide diuretic therapy in patients with type 2 diabetes.
Early studies in the general population [14] [15] [16] and in patients with type 2 diabetes without nephropathy [17] have shown that salt restriction increases the efficacy of several antihypertensive drugs. Similar results have been reported in early and late renal disease. Our group has shown that salt restriction doubles the blood pressure-lowering effects of losartan in patients with type 2 diabetes and increased AER [12] . In the setting of advanced non-diabetic renal disease, a recent study has shown a stepwise decrease in MAP during administration of placebo, losartan or losartan plus HCT, with the greatest reductions in MAP occurring while participants were randomised to a low-salt diet [18] . These data complement the present results and indicate that the relationship between salt intake and antihypertensive therapy represents a continuum ranging from potentiation of the blood pressure response during low salt intake to blunting of the response during high salt intake.
Limitations of the present study include the small number of study participants. In addition, the mean urinary sodium excretion in the LDS group did not meet the National Heart Foundation of Australia guidelines on urinary sodium excretion of <100 mmol/24 h [19] . However, there was still a large difference in baseline urinary sodium excretion between the HDS and the LDS groups (126 and 256 mmol/24 h, respectively). The mean increment in urinary sodium excretion with NaCl supplementation was 56 mmol/24 h, with oral NaCl supplementation of 100 mmol/24 h. In a previous study, supplementation with 80 mmol/24 h of a sustained release preparation of sodium increased urinary sodium excretion by 57 mmol/24 h [17] . The difference between intake and urinary excretion of sodium may be secondary to gastrointestinal side effects of the NaCl capsules or to net salt retention. However, there was no significant change in body weight during NaCl supplementation to suggest retention of NaCl.
Blood pressure levels in patients with diabetes have been observed to be more salt-sensitive than in those without diabetes [20, 21] . This may in part be related to the fact that exchangeable sodium is significantly increased in patients with diabetes [8, 9] . Furthermore, in vitro studies suggest that hyperglycaemia may lead to activation of serum-and glucocorticoid-regulated kinase-1 signalling, which may lead to increased sodium re-absorption in the kidneys, potentially exacerbating the hypertension seen in diabetes [22] . In the current study, we showed that NaCl supplementation blunts the antihypertensive effects of telmisartan with or without HCT by approximately 50%. The blunting effect of NaCl supplementation was homogenous in the HDS and LDS groups, suggesting that results were not influenced by variations in the blood pressure response of individual participants to the same NaCl load. Although salt sensitivity was not assessed specifically in this study, an analysis of the Dietary Approaches to Stop Hypertension (DASH) study has shown that it is difficult to identify individuals as 'sodium responders' or as 'salt-sensitive', and that recommendations for lower salt intake should be directed at the general public rather than susceptible individuals [23, 24] .
In summary, we have shown that the antihypertensive effects of telmisartan with or without HCT are halved with NaCl supplementation in patients with type 2 diabetes, hypertension and microalbuminuria. By comparison, a meta-analysis of randomised trials has shown that In patients with HDS or LDS, NaCl supplementation halved the blood pressure response to telmisartan with or without HCT. In contrast, the AER response to the same therapy was blunted by NaCl supplementation only in the LDS group. T, telmisartan 40 mg/day; T+HCT, telmisartan 40 mg/day+hydrochlorothiazide 12.5 mg/day; P, placebo; S, sodium chloride supplementation, NaCl 100 mmol/24 h. Figure  adapted with permission from Ekinci et al. [10] in individuals with elevated blood pressure, moderate reduction in dietary salt intake over four or more weeks is an effective way of reducing blood pressure [25] . The mean decrease in systolic BP was 5.1 mmHg, with a reduction in urinary sodium of 78 mmol/24 h. Similarly, a recent study showed that moderate sodium restriction corresponding to a 55 mmol/24 h decrease in urinary sodium excretion reduced clinic blood pressure by 4.8 mmHg and daytime ABP by 4.7 mmHg in three ethnic groups [26] . The current study in patients with type 2 diabetes and hypertension supports these findings, since an increase in urinary sodium of 56 mmol/24 h during NaCl supplementation was associated with a 5.6 mmHg blunting of the systolic BP response to telmisartan with or without HCT. Taken together with NaCl restriction studies, which have shown opposite effects on systolic BP, these results indicate that changes of ±10 mmol NaCl in daily intake translate into ±1 mmHg changes in systolic BP. This study highlights the importance of dietary salt intake in the management of hypertension in patients with type 2 diabetes. Reducing salt intake on a population basis with collaboration of the food industry would appear to be the most effective way to achieve a reduction in dietary salt intake, as approximately 75% of dietary salt intake is contained in processed foods [27, 28] . Organisations such as the World Action on Salt and Health (WASH) programme [29] are working to reduce dietary salt consumption in the general population. This approach is particularly relevant in the context of the two-to fourfold increase in cardiovascular and renal risk in people with type 2 diabetes.
